Rationale: The preterm diaphragm is structurally and functionally immature, potentially contributing to an increased risk of respiratory distress and failure. We investigated developmental changes in contractile function and susceptibility to fatigue of the costal diaphragm in the fetal lamb to understand factors contributing to the risk of developing diaphragm dysfunction and respiratory disorders. We hypothesized that the functional capacity of the diaphragm will vary with maturational stage as will its susceptibility to fatigue. Results: Fetal development of diaphragm function was characterized by a significant increase in maximum specific force, increased susceptibility to fatigue, reduced twitch contraction times, and a progressive increase in MHCI and MHCII protein content.
INTRODUCTION
A functional respiratory system is vital for the successful establishment of unsupported spontaneous breathing. Due to developmental immaturity of the gas exchanging regions of the lung, preterm infants are prone to respiratory distress and failure during transition to postnatal life. Generation of negative inspiratory pressures and efficient independent ventilation are also critically dependent on a functioning diaphragm and intercostal muscles. However, little is known about the integrity of the respiratory muscle pump in the premature infant.
Like the lung, the diaphragm is also structurally and functionally immature at birth in the preterm infant. Preterm infants who breathe spontaneously at birth may develop insidious respiratory insufficiency over the first minutes, hours or days of life, often necessitating mechanical ventilation. These infants have lower measured twitch transdiaphragmatic pressures compared to term infants (1) , indicating that functional immaturity of the diaphragm may contribute to preterm respiratory failure.
Diaphragmatic integrity may be compromised further by adverse environmental exposures in utero (antenatal steroids, infection, under nutrition) or by the postnatal disuse atrophy associated with the use of controlled mechanical ventilation and the use of paralysing agents.
There are notable differences between the immature and adult diaphragm in myosin heavy chain (MHC) content, metabolism, contractile function and oxidative capacity.
Diaphragm fibre type analysis in a range of species indicate a low content of slow Type I (fatigue resistant) muscle fibres in the immature diaphragm (<10% at birth) versus a higher content in the mature diaphragm (~50-60%) (2) (3) (4) . In humans, adult proportions of Type I fibres are not attained until 1 year (3). Additionally, embryonic and neonatal MHC isoforms are evident in fetal and early life, but progressively disappear with advancing maturation.
The functional consequences of developmental fibre type changes are poorly understood. For example, Type II MHC preponderance in the fetal respiratory muscles might indicate predilections to respiratory failure and fatigue. Although increased fatigability of the diaphragm was reported after direct phrenic nerve stimulation in full-term newborn rabbit pups compared to adult rabbits (5), several others report the opposite finding of a high fatigue resistance in the diaphragm of newborn rats (6), cats (7) and baboons (8) . Subsequent increased fatigability during postnatal development is also contrary to the increased proportion of fatigue resistant Type I fibres reported in the adult compared to the newborn diaphragm (3).
These data suggest that the relationship between MHC expression, contractile function and fatigability is less robust in fetal muscle compared to adult muscle, likely due to the influence of other cellular factors involved in contractile function and endurance. In addition to changes in MHC fibre content, pre-natal development is also characterized by changes in intracellular Ca 2+ handling (9), oxidative capacity (10,11), and myofilament structure (9) which will impact on force generation and susceptibility to fatigue and damage. These developmental changes occur at different rates and may impact on the resilience of the immature newborn infant to increased respiratory mechanical loads and the inflammatory and metabolic challenges that occur after birth. Therefore, the level of functional development of the diaphragm will vary with gestational age as will its contribution to respiratory failure due to diaphragmatic fatigue, damage and/or contractile dysfunction in preterm babies.
Developmental changes in fibre type composition and contractile properties of the diaphragm have been examined primarily in small laboratory animals. However, the relevance of these observations to human diaphragm development is limited as most developmental changes in rodents occur ex utero while the majority of development in human neonates occurs in utero (12) . Furthermore, small laboratory animals have a higher proportion of Type II muscle fibres and a higher respiratory rate compared to humans and larger mammals which may impact on the contractile properties of the diaphragm and therefore affect the susceptibility to muscle damage and fatigue (13) .
A more representative model of the in utero development of the diaphragm in human neonates may be gained from a comparable ovine animal model. The ovine model is also a convenient model to study the effect of chronic external influences such as nutritional imbalance, infection and steroid exposures on the structural and functional integrity of the immature diaphragm. Although the ontogeny of skeletal limb muscle in the lamb has been documented (2), there are no physiological data on the ovine fetal diaphragm. Therefore, we investigated developmental changes in contractile function of the lamb costal diaphragm to understand factors contributing to the risk of developing respiratory disorders and diaphragm dysfunction at different fetal and postnatal ages. We hypothesized that the functional capacity of the diaphragm will vary with maturational stage as will its susceptibility to fatigue and stretch-induced damage. In addition, these data will provide a baseline to inform subsequent studies investigating how antenatal factors may influence diaphragm function at time of preterm birth. 
MATERIALS AND METHODS

Animals
Tissue collection
The fetal diaphragm was dissected with the ribs and central tendon attached and hemisected. Contractile function was assessed on longitudinal strips of muscle fibres isolated from the costal portion of the right hemi-diaphragm. Sections from the costal portion of the left hemi-diaphragm were frozen in liquid nitrogen for analysis of MHC mRNA expression and protein content.
Muscle contractile properties
The hemi-diaphragm was dissected into 3-5 mm wide longitudinal strips and mounted in an in vitro muscle test system (model 1205, Aurora Scientific In., Canada)
containing physiological saline solution (in mM: NaCl, 109; KCl, 5; MgCl 2 , 1; CaCl 2 , 4; NaHCO 3 , 24; NaH 2 PO 4 , 1; sodium pyruvate, 10), continuously bubbled with 95% O 2 / 5% CO 2 . The solution was maintained at 25°C, which is optimal for the maintenance of in vitro skeletal muscle force (14) .
The preparation was manually adjusted to the optimum muscle length (L o ) at which maximum isometric twitch force (P t ) was recorded. The time course of twitch contractions were analysed for time-to-peak (TTP) and half-relaxation time (½RT).
The force-frequency relationship was determined between 5 -80 Hz from which the maximum tetanic force (P o ) was determined. Fatigue resistance was evaluated by stimulating once every second for 330 ms at the optimal frequency for a total of 150 s.
The fatigue index was determined from the ratio of the force produced during the 150 th contraction relative to the 1 st contraction (2), in which a higher number indicates a greater fatigue resistance. Recovery after the fatigue protocol was evaluated by recording P o at 2, 5, 10, 20, 30, and 40 min after the fatigue protocol or until P o had recovered to pre-fatigue levels.
The susceptibility to muscle damage was determined from a series of 5 lengthening (eccentric) contractions at 2 min intervals. For each lengthening contraction, a stretch of 10 % of L o was applied during the isometric plateau phase of a maximal tetanic contraction. P o was recorded before and at 2, 5 and 10 mins after the lengthening contraction protocol. The severity of damage was determined by the mean reduction in P o after the stretch.
Finally, the rib and tendon were removed from the diaphragm strip and the wet muscle weight recorded. Cross sectional area was calculated from the muscle mass (g), L o (mm) and density of skeletal muscle (1.056 g·cm -2 ). To account for slight differences in the size of the dissected diaphragm strips, the absolute force was normalized for cross-sectional area and expressed as specific force (N·cm -2 ).
MHC Fibre Characteristics
Gene Expression Assay
Total RNA was isolated from 30 mg homogenized diaphragm tissue using the RNeasy 
Western Blot Analysis
Muscle samples were homogenized in ice-cold lysis buffer containing 20 mM HEPES pH 7.7, 2.5 mM MgCl 2 , 0.1 mM EDTA, 20 mM β-glycerophosphate, 100 mM NaCl, 0.1% Triton 100, 500 μM DTT, 100 μM Na 3 Vo 4 , 100 mM PMSF, 0.01% NP40 and protease inhibitor cocktail tablet (Roche, Castle Hill, Australia). Homogenates were subjected to 6 cycles of freeze -thaw then centrifuged (10 000 g, 25 min, 4 ºC). Total protein concentration in the supernatant was measured by Bradford protein assay (17) .
Equal amounts of total lysate proteins (50 μg) were separated by 12 % SDS-PAGE and transferred to nitrocellulose membranes. After blocking in PBS containing 5% non-fat dry milk, the membranes were incubated with primary antibodies against MHC slow (1:500, Novocastra), MHC fast (1:500, Novocastra), and α-Tubulin 
Statistical Analysis
Parametric data were analysed using one-way or two-way ANOVA as appropriate with post hoc analysis (Holm-Sidak test) to identify differences between independent groups. For non-parametric data, a Kruskal Wallis ANOVA on ranks was employed using Dunn's post-hoc analysis. Correlations between dependent variables and postconceptional age are presented as Pearson correlation coefficients or Spearman r for non-parametric data. An alpha-level of 0.05 was used to compare differences between independent groups and to determine overall significance. Values are means ± SEM, unless specified otherwise.
RESULTS
Animals
The mean body weight and optimal muscle length (L o ) are presented in Table 2 . As expected, both body weight and L o increased significantly with increasing postconceptional age (p < 0.01).
Diaphragm Contractile Properties
Specific force and Force Frequency
There was a significant main effect of postconceptional age on maximum specific force (p < 0.01). Maximum force increased by ~2-fold from 128 d to 145 d postconceptional age (Fig 1A) . However, there was no significant change in maximum specific force during postnatal development.
The relationship between diaphragm force and stimulation frequency was evaluated Figure 1B and 1C) . The specific force was significantly lower at all frequencies in the pre-term animals ( Fig   1B; p < 0.001). When normalized to the maximum specific force in each potconceptional age (Fig 1C) , the normalized force-frequency relationships were shifted to the right at increasing postconceptional ages reflecting a higher stimulation frequency required to achieve the maximum force production. The effect was most 
Twitch contractile properties
The twitch contractile properties for postconceptional ages 100 to 200 d are presented in Table 2 
Susceptibility to fatigue
There was a significant main effect of postconceptional age on the fatigue index (p < 0.01). The susceptibility to fatigue increased significantly from 75 d to 100 d. After a decrease in fatigability at 128 d, the susceptibility to fatigue at late gestation (145 d) and all postnatal ages (154 d to 200 d) was significantly greater than at 75 d (Fig 2) .
Interestingly, the greatest susceptibility to fatigue was observed in the animals examined approximately 1 week after full term delivery (ie at 154 d poscconceptional age). The susceptibility to fatigue then decreased progressively with increasing postconceptional age (regression analysis between FI and PCA 154 -200; r 2 = 0.34; p = 0.03). In addition, the rate of force recovery after fatigue was significantly slower in older animals (data not shown).
Susceptibility to stretch-induced muscle damage
The susceptibility of the diaphragm muscle to stretch-induced damage at different postconceptional ages is illustrated in Fig 3. The diaphragm of 75 d animals was significantly more susceptible to damage compared to the older (128 d -168 d) animals (p < 0.01). There were no significant differences in susceptibility to muscle damage between any other age groups. The muscle damage protocol could not be conducted on 200 d lambs as the stretch protocol of 110 % L o was beyond the capacity of the experimental apparatus for fibre length in this age group.
MHC Fibre Characteristics
The levels of mRNA expression for both MHC I and MHC IIa at each postconceptional age are shown in Fig 4A. A regression analysis of these data 
DISCUSSION
Our results show that there are significant developmental changes in contractile function and susceptibility to fatigue in the costal diaphragm of neonatal lambs.
There were also changes in MHC indices evident at both an mRNA level and at a protein level which support these functional characteristics. Furthermore, the functional development of the diaphragm is likely to influence the susceptibility to damage associated with increased mechanical loading in the spontaneously breathing preterm infant.
Developmental changes in the diaphragm were observed throughout gestation up until seven weeks postnatal age (200 d postconceptional age). As the diaphragm has to be fully functional at birth, it is one of the fastest developing muscles in utero (18) . We Similar evidence of muscle damage has been observed following periods of inspiratory resistive loading (21, 22) which is known to heavily recruit the diaphragm (23) . As the extent of diaphragm damage is load dependent (21), the pre-term diaphragm may be particularly susceptible to this type of damage due to the increased work of breathing and associated mechanical load on the diaphragm.
The maximum specific force in the diaphragm of preterm sheep was significantly lower than those born near term. The marked, 2-fold increase in specific force that we observed between 128 d and 145 d postconceptional age is likely attributed to the neural and hormonal factors that regulate muscle development at this gestation. This is consistent with the establishment of regular and episodic diaphragm contractions Along with increased strength, we also observed significant changes in other contractile parameters including decreased fatigue resistance, shorter twitch contraction times and a rightward shift in the force-frequency relationship with increasing gestational age. Our physiological data suggest a shift from slow to fast muscle behaviour towards late gestation which is consistent with the observations of A decrease in diaphragm fatigue resistance with increasing maturational age was demonstrated previously in a range of mammalian species including rats (6, 27) , cats (7), baboons (8) and humans (3). As we showed in the preterm sheep, these functional properties are consistent with in vitro contractile measures including shortened twitch contraction times (7, 8, 28) , faster shortening velocities (27) and a rightward shift in the force-frequency relationship (7, 28) . Considering these contractile features, it is somewhat surprising to note that the early development of the diaphragm muscle is often characterized by an increased proportion of fatigue resistant type I muscle fibres and a corresponding decrease in type II fibres (3, (6) (7) (8) . This apparent discrepancy between contractile properties and histochemical fibre typing was noted previously (7) and may reflect the differential development of oxidative capacity and actomyosin
ATPase activity, as reflected by MHC isoform expression (6, 29) .
Our results indicate an increase in MHC I and MHC II protein content with maturation. However, our analysis does not reflect the neonatal isoform of MHC which is dominant in the developing diaphragm and usually co-expressed with MHC I and/or IIa isoforms (27) . Whilst MHC I protein levels were not detected at very young gestational ages, MHC I and II were detected at higher levels towards the end of gestation which most likely coincides with the disappearance of developmental MHC isoform (2) . The increase in MHC I:II ratio beyond 154 d postconceptional age is consistent with an increase in MHC I content during post-natal development and, along with postnatal increases in oxidative capacity (10, 11) , may account for the increased resistance to fatigue that we observed during this postnatal period.
Although our results suggest an increased susceptibility to respiratory fatigue in term animals, extrapolation of these predictions to the clinical setting should be made with caution. It is important to note that the fatigue protocol used in this study involved maximal isometric contractions of the isolated costal diaphragm. Considering the dramatic increase in maximal force between 128d and 145d animals, the greater force production in the term animals may well account for the significant increase in fatigue in term animals (due to increases in the concentration of contraction-induced metabolites such as phosphate and reactive oxygen species(30)). Furthermore, as this study was restricted to the costal diaphragm, the potential contribution of the crural diaphragm to fatigue resistance is unknown. Although the oxidative capacity of the crural and costal diaphragm is not different in adult sheep (31) , it is unclear whether this is true for the developing diaphragm.
Respiratory fatigue in the clinical setting reflects the balance between the work put on the diaphragm, and the diaphragm capacity. With a stable chest wall, advanced alveolar structure, and established surfactant synthesis and secretion, the relative intrinsic workload of the term infant is substantially less than that of the immature preterm infant that has a highly compliant chest wall, and minimal immature (or absent) alveoli and surfactant. The balance of this relation is such that in the absence of factors limiting breathing efficiency, the term diaphragm is likely to retain adequate function to overcome the intrinsic work of breathing, without needing to exert repetitive maximal contractile function. The preterm, however, is more likely to be operating closer to maximal contractile function (given lower specific force and increased intrinsic work of breathing) and therefore any level of fatigue may result in the development of insufficient spontaneous respiratory effort and respiratory failure.
The fatigue resistance of the diaphragm muscle is critical for maintaining adequate respiratory function when working against high loads. In addition to factors associated with immaturity that increase the intrinsic work of breathing, the fetus and preterm newborn may be exposed to additional environmental and iatrogenic factors that compromise the structure and function of the newborn diaphragm such as nutrition, infection, steroid exposure and mechanical ventilation. Therefore, the functional development of the diaphragm, which varies with gestational age, must be considered when evaluating the susceptibility to diaphragmatic dysfunction and the risk of developing respiratory disorders. Our studies provide an important baseline for assessment of antenatal and postnatal factors that may further compromise postnatal diaphragm integrity in the preterm ovine model. 
